Pollution caused by boric acid and toxic anions such as As(V), Cr(VI) and Se(VI) is hazardous to human health and environment. The sorption characteristics of these environmentally significant ionic species on allophane-like nanoparticles was investigated in order to determine whether allophane can reduce their mobility in the subsurface environment at circum-neutral pH condition. Solutions containing 100 or 150 mmol of AlCl 3 . 6H 2 O were mixed to 100 mmol of Na 4 SiO 4 and the pH were adjusted to 6.4±0.3. The mineral suspensions were shaken for 1 hr and incubated at 80 o C for 5 days. Appropriate amounts of As, B, Cr and Se solutions were added separately during and after allophane precipitation. The results showed that As(V) and boric acid can be irreversibly fixed during co-precipitation in addition to surface adsorption. However, Cr(VI) and Se(VI) retention during and after allophane precipitation is mainly controlled by surface adsorption. The structurally fixed As(V) and boric acid were more resistant to release than those bound on the surface. The sorption characteristics of oxyanions and boric acid was also influenced by the final Si/Al molar ratio of allophane in which Al-rich allophane tend to have higher uptake capacity. The overall results of this study have demostrated the role of allophane-like 3 nanoparticles and the effect of its Si/Al ratio on As, B, Cr and Se transport processes in the subsurface environment.
hydrotalcite for boron [3] , calcite for chromate [4] and ettringite for selenate [5] .
Allophane naturally exists as an aluminosilicate hydrate mineral with no fixed chemical composition in that its Si/Al molar ratio may vary from 0.5 to 1.0. The unit particle of allophane is a hollow spherule with an outer diameter of 3.5-5.0 nm and a wall thickness of 0.7-1.0 nm [6, 7] . Allophane is fundamentally composed of an outer layer of gibbsite-like sheet with SiO 4 tetrahedral attached to its interior and having defects or pores in the wall structure with diameters of around 0.3 nm [8] . Figure 1 shows the structural model of allophane.
The substantial retention capacity of allophane for anions particularly for phosphate is ascribed to its small particle size, high surface area (800 m 2 /g), and the presence at the surface of aluminol groups and defect sites [9] . Hence, understanding the interaction of allophane with toxic anions has environmental implications since this type of mineral is commonly present in volcanic ash soils, pumice deposits and stream sediments which are exposed to various anthropogenic sources of environmental contamination. Recent studies also revealed that the weathering of coal fly ash, which usually contain toxic oxyanions, generate large amount of non-crystalline aluminosilicate clay minerals such as allophane and imogolite which can possibly sequester these trace elements [10] .
A considerable amount of research, which investigated anion adsorption by allophane, has reported and concluded that the anions such as As(V) are specifically adsorbed and form inner-sphere complexes by reacting with the aluminol functional groups present in the allophane surface. X-ray Absorption Spectroscopic (XAS) analysis on arsenate adsorption onto allophane-like materials suggests that bidentate binuclear reaction occurred on aluminum octahedral structures [11] . Studies on sulfate, molybdate and borate adsorption by natural allophane samples also showed similar result in which the uptake mechanism is via ligand exchange reaction and allophane with lower Si/Al molar ratio tends to retain more anions than allophane with Si/Al molar ratio close to 1.0 [12, 13, 14] . However, retention by adsorption on the mineral surface with variable charge characteristics would be unstable in the long run as changes in the surrounding environment would release back the adsorbed anions. Therefore, significant immobilization of toxic anions can be achieved only through solid solution formation.
In this context, this study investigated the uptake of As(V), Cr(VI), Se(VI) and boric acid during and after allophane precipitation at near neutral pH condition. The co-precipitation behavior of these toxic anions (except for B) with allophane at circum-neutral pH condition has not been elucidated yet. The present aim of this paper is to examine and compare the co-precipitation and adsorption characteristics of As(V), Cr(VI), Se(VI) and boric acid onto allophane. The possible desorption of co-precipitated 6 As(V), Cr(VI), Se(VI) and boric acid with allophane by phosphate was also carried out in order to evaluate if incorporation of these toxic anions (except for B) in the allophane structure could be a potential mechanism for controlling their mobility in the geological environment enriched with aluminosilicate minerals. Furthermore, the effect of the Si/Al molar ratio of allophane on the sorption and desorption characteristics of As(V), Cr(VI), Se(VI) and boric acid was also investigated in order to provide vital information for understanding the link between the structure and reactivity of allophane.
Materials and methods

Allophane synthesis
Allophane precipitates were made by modifying the method of Ohashi [15] . Batch experiments were conducted by mixing 100 mL of 100 mM Na 4 SiO 4 solution and 100 mL of 100 or 150 mM AlCl 3 .6H 2 O solution at ambient temperature to obtain an initial Si/Al molar ratio of 1.0 and 0.67, respectively. The suspension pH was adjusted to near neutral (pH 6.4±0.3) by adding 1M NaOH solution. The mineral suspensions were transferred to 250 mL polypropylene bottles and were shaken for 1 hr using a reciprocating shaker. The suspensions were incubated for 5 days at 80 o C. The precipitates were collected by centrifugation at 15000 rpm for 30 minutes and washed with deionized water to remove the entrained salt. The morphology of the precipitates was examined by transmission electron microscope and revealed the clustered spherical structure similar to natural and synthetic allophane materials as shown in Figure 2 .
Sorption experiments
The sorption of As(V), Cr(VI), Se(VI) and boric acid was conducted during and after allophane precipitation at circum-neutral pH condition (pH = 6.4±0.3). Appropriate amounts of Na 2 HAsO 4 .7H 2 O, B(OH) 3 , Na 2 CrO 4 .4H 2 O and Na 2 SeO 4 solutions were added, respectively to obtain a final As, B, Cr and Se concentration of 10 mg/L (ppm).
For adsorption experiments, As(V), Cr(VI), Se(VI) and boric acid solution were added after allophane synthesis and the suspensions were shaken for one day at room temperature. The precipitates were collected by centrifugation at 15000 rpm for 30 minutes. The supernatant was collected and analysed for remaining As, B, Cr and Se concentrations by using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (ICPE-9000 Shimadsu, Japan). The precipitates were then resuspended in 150mL deionised water and were shaken for 2 hrs prior to centrifugation at 3000 rpm for 40 minutes. This washing process was repeated several times until the conductivity of the mineral suspension was less than 0.08 dS/m. The precipitates were then kept in suspension prior to any analysis.
Characterization of allophane precipitates
The precipitates were collected by centrifugation from aliquot samples of washed mineral suspension. The precipitates were freeze dried and were then analysed for characterization.
X-ray diffraction (XRD) analysis
The mineral precipitates were examined using X-ray diffraction on randomly oriented powder mounts. Powder X-ray diffraction measurement was carried out using RINT-2100V/PCdiffractometer (Rigaku, Japan) with Ni-filtered Cu-Kα radiation at 30 kV and 20 mA. The samples were scanned from 5 to 70 0 2θ using a step size of 0.05 0 2θand scanning for 2s for each step.
FTIR spectroscopy of allophane samples
The spectra of allophane samples were obtained by using attenuated total reflectance (ATR)-Fourier Transform Infrared (FTIR) spectroscopy (JASCO FT/IR 6200, UK).
Appropriate amount of allophane samples were placed in the sample holder and then measured at a resolution of 4 cm -1 in the 400 -4000 cm -1 range and scanned 300 times.
Surface charge determination
The zeta potential (ZP) of the allophane samples was measured using Zetasizer Nano 
Chemical analysis
The compositions of the allophane samples were determined by dissolving the freeze dried samples in ammoniumoxalate-oxalic acid (TAO) solution. Approximately 20 mg of each mineral samples was placed in a 50mL centrifuge bottles with 40 mL TAO solution. The solutions were shaken for 4 hours in the dark and the concentration of Al, Si, As, B, Cr and Se were measured by ICP-AES.
Desorption studies
In order to understand the association of oxyanions with allophane, phosphate extraction was carried out using 0.1M Na 2 HPO 4 solution. Approximately 20 mg of each mineral samples was added to 40 mL of extractant solution and were shaken for 4 hours.
The solid was separated by centrifugation and the supernatant was analysed for As, B, Cr and Se concentration using ICP-AES.
Results and discussiom
Characterization of precipitates
X-ray diffraction (XRD) analysis
The X-ray diffraction analysis confirmed that allophane was formed in the presence of As, B, Cr and Se. The profiles of all samples exhibited two broad peaks centered at 26.19 0 and 40.99 0 which are typical of natural allophane samples and amorphous aluminosilicates. Figure 3 and 4 show the XRD profiles of allophane samples with or without sorbed As and B, respectively (Cr and Se reacted allophane not shown since all samples have similar profile). One of these peaks especially the diffraction area between 25-27 0 is specific to spherical hollow particles which originates from the SiO 4 tetrahedral sheet of allophane. The XRD profiles also show that the precipitates contain no crystalline impurities since the peaks that originate from aluminum hydroxides minerals such as boehmite and gibbsite were not observed but the diffraction peak of polymerized SiO 4 tetrahedral appears nearby at 22.78 0 [15] . Moreover, allophane precipitates with low Si/Al molar ratio showed prominent sharper peaks than with Si rich allophane.
FTIR spectroscopy of allophane samples
The IR spectra of synthetic allophane samples showed the typical characteristics of aluminosilicates minerals. For all samples with or without sorbed oxyanions, their IR spectra displayed a similar profile. Figure 5 presents the IR spectrum of pure allophane samples and with sorbed As and B, respectively (Cr and Se not shown). The corresponding peaks of individual elements were not detected since their concentration was very low relative to Al and Si which can overlap their corresponding vibration band.
The intense vibration around 1000-900 cm -1 can be assigned to Si-O-(Si) or Si-O-(Al) vibration [16] and the shoulder at 870 cm -1 to Si-OH groups [17] . The vibration band in the region between 800-400 cm -1 can be attributed to aluminuous allophane subsheet of Al-O and Al-OH bonds [15, 16] and probably originated from the octahedral sheet similar to the gibbsitic sheet present in imogolite structures [18, 19] . As the Si/Al ratio increases, the intensity of the bands around 680, 580 and 470 also increases. The difference between the spectra of Si and Al rich allophane is similar to the observations detected by Parfitt [18, 19] on natural allophane samples. The Si-rich allophane has an absorption maximum at 1020 cm -1 with relatively higher intensity compared to the Al-rich allophane at 975 cm -1 . Hence, the evolution of the spectra is influenced by the Si/Al ratio of allophane.
Surface charge characteristics
The surface charge characteristics as shown in Figure 6 presents the data of the potentiometric titration of pure synthesized allophane samples. The corresponding point of zero charge (PZC) for Al and Si rich allophane were 9.39 and 8.38 respectively.
These PZC values were similar to synthesized amorphous aluminum hydroxide with PZC value of 9.1 in which the variable positive charge was also attributed to the surface aluminol groups [20] . It can be seen from the figure that the surface charge of the precipitates generate a variable positive charge at the acidic pH range up to the point of zero charge (PZC) value and a negative charge at the pH condition above the PZC value. Table 1 shows the PZC values of the mineral precipitates. The results also showed that the PZC values of all precipitates were higher compared to natural allophane which lies at pH 5.5-6.5. The higher PZC values of synthesized allophane compared to natural allophane is due to the fact that the latter may already contain a considerable amount of adsorbed ions and organic matter in the soil solution [21] . It can also be seen from Table   1 that pure allophane samples with lower Si/Al ratio tend to have higher PZC values.
The reason for this shift in the PZC value in relation to the Si/Al ratio is directly related to the change in the number of aluminol groups in the allophane surface which is the most reactive group compared to the silanol groups. The higher PZC value of allophane with lower Si/Al ratio is attributed to the larger concentration of aluminol groups which, under acidic or alkaline condition, become positively or negatively charged, respectively [22] . The influence of silanol groups on the surface charge characteristics of allophane was minimal since they are not placed on the external surface around the defect sites. Moreover, the weak influence of silica gel on the potentiometric studies may suggests that it does not contain OH groups [23] . If there is any, it will likely lower the measured zeta potential and PZC value of allophane samples since it has a variable negative charge at pH above 3. Table 1 gives the final Si/Al molar ratio of mineral precipitates after digestion with TAO solution and the remaining anion concentration. It is evident that there is no 
Chemical analysis of precipitates
Sorption characteristics of oxyanions
The aqueous speciation of an element is one of the factors that determines the extent at which it is sorbed into the precipitating mineral phases. Under the experimental conditions used in this study, the speciation of the anions were determined by calculation using Act 2 code in Geochemist Workbench (GWB) [24] . Based on the , respectively.
Adsorption studies
The order of preference for all four elements by allophane as shown in Table 1 is
As >>> Se > B > Cr. Allophane exhibited very high removal efficiency for As(V)
with more than 99% of arsenic were removed from the solution. However, allophane uptake for Cr(VI), Se(VI) and boric acid was low with only more than 30% removal efficiency for boric acid and Se(VI) and less than 20% for Cr(VI). The adsorption of these ionic species by allophane is expected since the synthesized allophane samples have a variable positive charge at circum-neutral pH condition as shown in Figure 6 .
The large reduction of As(V) concentration after 24 hours of reaction time indicates that allophane has a strong affinity for As(V) and supports the fact that arsenic mobility in soils is limited by its capacity to be sorbed on soil components particularly by metal oxides, short-ranged ordered aluminosilicates [25] and Al and Fe hydroxides [26] .
Evidently, Se(VI) adsorption was relatively higher, which is also consistent with well established results, that iron and aluminum oxide minerals are the most common geosorbents for selenium oxyanions [27] . However, the low uptake of boric acid and Cr(VI) by allophane suggests that ionic charge and anionic competition with silicate are the important factors that influence the extent of their retention, respectively. The corresponding low uptake of boric acid is largely due to its neutral charge characteristics at circum-neutral pH condition. Thus, its electrostatic interaction with the reactive surface aluminol groups is at minimum compared to anionic species. On the other hand, competing anions have a drastic effect on Cr(VI) adsorption particularly when silicate anion is present [28] . The effect of silicate anion in inhibiting Cr(VI) adsorption can be supported by the presence of Si anions on allophane surfaces as observed by previous study of Arai [11] . Moreover, silicate anions can also be readily adsorbed by other variable charge minerals such as gibbsite and goethite [29, 30] . Since not all silicate anions reacted with aluminum during allophane synthesis, low chromate adsorption is expected.
The final Si/Al molar ratio of precipitates also influenced the adsorption characteristics of oxyanions and boric acid since the surface charge of allophane is strongly dependent on its Si/Al ratio. It can be seen from Table 1 that 
Co-precipitation studies
The uptake behavior of oxyanions and boric acid during co-precipitation with allophane showed similar order of preference except that boric acid retention was slightly higher compared to Se(VI) in Al-rich allophane. The results also revealed that As(V) and boric acid uptake were relatively higher compared to adsorption experiments.
Boric acid retention during co-precipitation with allophane of lower Si/Al ratio was substantially enhanced but not with Si-rich allophane. Similar results were also observed on As(V) sorption by aluminum oxides [25] and ettringite [31] in which higher retention of As(V) occured during co-precipitation experiments. These findings suggest that As(V) and boric acid incorporation into the allophane structure is one of the dominant mechanisms in addition to surface adsorption. Moreover, Se(VI) uptake during co-precpitation with allophane showed contrasting behavior between Al and Si rich allophane. Only high Al content allophane showed significant increase in Se(VI) retention during co-precipitation, which may also suggest its incorporation in the allophane structure. The reason for the decrease in Se (VI) uptake by Si rich allophane during co-precipitation compared to adsorption experiments is unclear to the authors and further investigation is required to confirm this behavior. Chromate retention on the other hand, showed no significant difference compared to adsorption experiments which indicates that its retention by allophane are mainly controlled by surface adsorption. On the other hand, the final Si/Al molar ratio of allophane also influenced the uptake behavior of oxyanions and boric acid in which Al-rich allophane showed higher retention capacity.
Desorption of oxyanions
The desorption efficiency of oxyanions and boric acid after leaching experiments using phosphate as desorbing ligand is shown in Figure 7 . The figure clearly shows that large amount of adsorbed oxyanions and boric acid were easily replaced by phosphate.
This result indicates that the presence of competing anions with strong affinity to allophane such as phosphate can easily release the adsorbed oxyanions from the allophane surface. Allophane is known to fix phosphate strongly than any other anions [32] . In contrast, only co-precipitated As(V) and boric acid showed significant reduction of leached amount after desorption experiments. This results agree with the previous findings described earlier that incorporation and surface adsorption governed As(V) and boric acid retention while only surface adsorption for Cr(VI) and Se(VI) during co-precipitation experiments. Similar results were also observed by Violante [25] in which less amount of As(V) was released due to phosphate adsorption onto Al and Fe oxides minerals with co-precipitated arsenate. In the case of Se(VI), even though it showed enhanced retention by Al rich allophane during coprecipitation, the fact that it was easily release during desorption experiments suggests that its retention by allophane is mainly controlled by surface adsorption. Moreover, the desorption of As(V) was also influenced by the Al content of allophane in which lesser amount of As(V) was leached from Al rich allophane (Figure 7a ).
Sorption mechanisms of oxyanions and boric acid by allophane
Adsorption studies
The zeta potential is the potential at the shear or slipping plane which exists at the interface of a mineral and the surrounding liquid [33] . This slipping plane is placed slightly outside of the d-plane which is a border with a diffusion layer in the Triple-Layer model by Hayes [34] . The formation of complexes inside the slipping plane strongly affects the zeta potential. Since inner-complexes are formed inside the shear plane, significant changes in the zeta potential can be expected. The substantial decrease in the zeta potential attributed to the inner-sphare, bidentate surface complex of HPO 4 2on the hydrotalcite surface was already observed by Lagaly [35] . On the other hand, outer-sphere complexes are distributed over the diffuse layer outside the slipping plane and thus, do not affect the zeta potential. However, outer-sphere complexes with strong electrostatic interaction that form in the slipping plane may also affect the zeta potential as in the case of SO 4
2-
, CO 3 2and CrO 4 2- [36] .
The significant shift of the PZC value to lower pH and the decrease of zeta potential after adsorption of As(V) and boric acid as shown in Figure 8a and 8b may also indicate that the binding of these ions on allophane surface with the surface aluminol group is governed by inner-sphere complexation through oxygen sharing. The presence of inner-sphere bidentate binuclear surface species on aluminum octahedral structures during As(V) adsorption by allophane was already confirmed by XAS analysis [11] .
The findings of Su and Suarez [17] and Son [14] also concluded that boric acid sorption on allophane is via inner-sphere complexation. In contrast, the surface charge characteristics of allophane after Cr(VI) and Se(VI) adsorption showed no significant change which indicates that the binding is largely controlled by outer-sphere complexation (Figure 7c and 7d ). Using EXAFS spectroscopy, Peak [27] concluded that Se(VI) adsorption on the surface of hydrous aluminum oxide primarily forms outer-sphere complexes. On the other hand, the adsorption of oxyanions and boric acid on polymerized silica is not supported because it did not contain OH groups as revealed by zeta potential measurement. If there is any, the electrostatic interaction of silica gel with the oxyanions and boric acid is unlikely as they have both negative charges (except for B) at near neutral pH condition. Moreover, the binding strength of any anions on the adsorption sites depends on their specific ionic properties such as ionic charge (z) and radius (r). In general, the higher the ionic potential (Ip = z/r), the more covalent its bonding and more inner-sphere the complex [37] .
Co-precipitation studies
Based on the phosphate extraction experiments, surface adsorption and incorporation into the allophane structure are the two possible mechanisms of As(V) and boric acid uptake during co-precipitation with allophane while the former largely controls Cr(VI) and Se(VI) uptakes. The sorption of As(V) and boric acid duirng co-precipitation also showed significant reduction of zeta potential (data not shown) and PZC value of allophane but not with Cr(VI) and Se(VI).
The incorporation of As(V) into the allophane structure during co-precipitation with allophane may occur via direct substitution of Si in the inner tetrahedral layer. The occurrence of As(V) in the tetrahedral site of silicate minerals was already detected in minerals such as antigorite [38] and andraditic garnet [39] . The similarity of atomic properties such as ionic radius and coordination number of As(V) and Si anion may account for the strong incorporation of As(V) during allophane formation. On the other hand, detailed study of Henmi [40] concluded that allophane with higher Si/Al ratio of more than 0.5 has excess Si atom weakly attached to the SiO 4 tetrahedra around the defect sites of allophane as shown in Figure 9 . Hence, structural substitution for this weakly attached Si may also account for As(V) and boric acid incorporation in the allophane structure. The difference in coordination number of trigonally coordinated boric acid and Si tetrahedral may strongly inhibit the direct substituion of Si by boric acid in the tetrahedral site.
On the other hand, the inability of Cr(VI) and Se(VI) oxyanions to replace Si during co-precipitation with allophane may probably result to charge imbalance in the tetrahedral site [38, 39] . Although As(V) and Se(VI) have similar size and the same tetrahedral structure, strict structural considerations cannot account for the different behavior of oxyanions and do not provide a satisfactory explanation for anion site preferences [1] .
Conclusions
As confirmed by the leaching test using phosphate bearing solution, this sudy showed that As(V) and boric acid can be irreversibly fixed during co-precipitation with allophane. However, Cr(VI) and Se(VI) retention during and after allophane precipitation is mainly controlled by surface adsorption. The structurally fixed As(V) is presumed to be incorporated within the allophane structure, replacing Si in the inner tetrahedral layer and the weakly attached Si in the defect sites. The latter may governed boric acid incorporation. The incorporated As(V) and boric acid were more resistant to release than those bound on the mineral surface. On the other hand, the retention of As(V) and boric acid on the allophane surface mainly involved inner-sphere complexation while Cr(VI) and Se(VI) sorption is governed by outer-sphere complexation. Allophane also showed high selectivity for As(V) compared to other oxyanions and boric acid. The sorption characteristics of oxyanions and boric acid was also influenced by the final Si/Al molar ratio of allophane in which Al-rich allophane tend to have higher uptake capacity.
The overall results of this study have demostrated the role of allophane-like nanoparticles and the effect of its Si/Al ratio on As, B, Cr and Se transport processes in the subsurface environment. The uptake mechanisms of allophane for various anions may also suggest a similar process on amorphous aluminosilicate on aquifer, soils and other soil minerals. This study also provides insight on the possibility of using allophane nanoparticles for water treatment and soil remediation. Note: All-S067: adsorption with intial Si/Al = 0.67; All-S100: adsorption with intial Si/Al = 1.0; All-C067: coprecipitation with initial Si/Al = 0.67 and All-C100: coprecipitation with initial Si/Al = 1.0, N/A = Not applicable
